INTRODUCTION
Cells are constantly exposed to damage from both exogenous and endogenous sources (1) (2) (3) . These sources include alkylating agents, nitrosating agents and lipid peroxidation products. The principal damages inflicted by methylating agents, a subclass of alkylating agents, are N-methylpurines (4, 5) . N-Methylpurines, while not directly mutagenic, may be either cytotoxic or premutagenic (6) (7) (8) . Nitrosating agents may modify DNA to transform adenine (Ade), guanine (Gua), cytosine (Cyt) or 5-methylcytosine into hypoxanthine (Hx), xanthine, uracil (Ura) or thymine, respectively, which may generate mutations if left unrepaired (9) (10) (11) (12) . Lipid peroxidation processes and vinyl chloride both generate 1,N 6 -ethenoadenine (εAde), an exocylic ring nitrogen product (3, 13) .
All of the modified bases discussed above, including N-methylpurines, Hx and εAde, are excised in mammalian cells by a single protein, methylpurine-DNA glycosylase (MPG protein, 3-methyladenine-DNA glycosylase, AAG protein, ANPG protein), during base excision repair (BER) (13) (14) (15) (16) (17) (18) (19) (20) . DNA glycosylase-catalyzed excision of a damaged base is the first step in the BER pathway (22) . Subsequent steps in the pathway restore the genetic information.
Even though MPG proteins are ubiquitous, the primary sequence of the MPG protein series is poorly conserved during evolution. Nevertheless, many of the activities are preserved in this group of proteins (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . The MPG protein has broader substrate specificity than most reported DNA glycosylases (13) . The three-dimensional structure of one of the group of MPG proteins, the Escherichia coli coli AlkA protein (E.coli 3-methyladenine-DNA glycosylase II), has been resolved (32, 33) . The disparity between the primary structure of the AlkA protein and the human MPG protein, however, prevents direct extension of the data obtained in the AlkA protein structure to that of the human protein. Even though the primary sequences of the MPG proteins differ, organization of the active sites of these proteins must be similar to permit excision of a number of the same substrates (Table 1) .
Heterologous expression of the human MPG protein cDNA and that of other mammalian MPG proteins has assisted in the study of these versatile DNA glycosylases (18, 19) . Prior investigations on the structure of the mouse MPG protein suggest that the protein is separated into several different domains. But there are significant disparities in the primary structure of the mouse and human *To whom correspondence should be addressed. Tel: +1 626 301 8220; Fax: +1 626 358 7703; Email: toconnor@smtplink.coh.org
The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors proteins as well as in the substrate specificity. This suggests that one or more of the domains in the human protein may be different from those found in the murine protein (34, 35) .
One of the numerous substrates recognized by the MPG protein is the product of Ade deamination, Hx. The rate of Ade hydrolysis to Hx is much slower than the rate of hydrolysis of Cyt to Ura (36) . Although Ade hydrolysis is slower than that of Cyt, nitric oxide modification forms Hx from Ade at a faster rate than Ura from Cyt (9) .
The investigation of the kinetics and binding of proteins with different DNA substrates has yielded much information on the reactions catalyzed. Proteins interacting with DNA may recognize either specific sequences or specific structures found in the DNA helix. Binding constants and DNA footprints are used to define the strength of the interaction and the minimal binding sites of sequence-specific binding proteins interacting with DNA (e.g. restriction enzymes or transcription factors). DNA glycosylases are representative of structure-specific DNA repair proteins with only limited data available on how damage is recognized. Footprinting and binding studies of DNA glycosylases have generally dealt with the subclass of DNA glycosylases possessing associated apurinic site (AP) lyase activity (37) (38) (39) (40) . In these investigations, DNA glycosylases/AP lyases were studied with oligodeoxyribonucleotides with modified abasic sites to yield data on the recognition of modified abasic sites by these proteins (37) (38) (39) (40) .
In this study, we use an oligodeoxyribonucleotide with a unique Hx at a defined position to determine the kinetics of the interaction between the DNA and a truncated recombinant human MPG protein. In addition, we determine the strength of the binding interaction and define the binding site of the protein on DNA by DNase I footprinting and competition assays. Moreover, we show that the human MPG protein binds as well to double-stranded oligodeoxyribonucleotides with unique abasic or reduced abasic sites as to oligodeoxyribonucleotides with a single Hx.
MATERIALS AND METHODS

Chemicals and enzymes
Chemicals were purchased from Sigma Chemical Co. (St Louis, MO) and molecular biological reagents were from BoehringerMannheim or New England Biolabs and used as recommended by the manufacturer unless otherwise indicated. Molecular biological protocols were performed according to standard procedures (41, 42) . [γ-32 P]ATP was obtained from New England Nuclear. The recombinant MPG and Fpg proteins were purified to homogeneity using established protocols using either the pANPG40 or pFPG230 plasmids (18, 43, 44) .
Preparation of oligodeoxyribonucleotides
Oligodeoxyribonucleotides were synthesized using phosphoramadite technology by the Chemical Synthesis Laboratory of the City of Hope or by Drs John Termini and Gerald Wuenschell (Beckman Research Institute). Oligodeoxyribonucleotides were purified on denaturing polyacrylamide gels to a single band, then end-labeled using [γ-32 P]ATP with T4 DNA kinase. The purified oligodeoxyribonucleotides were annealed with their complementary strand by heating in a 2-fold excess of the complementary strand for 5 min at 95_C, followed by cooling the oligodeoxyribonucleotide slowly to room temperature over a period of several hours. The oligodeoxyribonucleotides were verified by native gel analysis to be double-stranded. Oligodeoxyribonucleotides containing unique abasic and reduced abasic sites at a defined position were formed by excision of a uracil from a single-stranded oligodeoxyribonucleotide to form an abasic site (45) . The abasic site in the oligodeoxyribonucleotide was reduced using a published protocol (45) .
Kinetics of MPG-catalyzed Hx excision from DNA
Determination of apparent K m (Michaelis constant) and k cat (first order rate constant or turnover number) values for the 39 bp oligodeoxyribonucleotide with a unique Hx at a defined position (39 bp Hx oligodeoxyribonucleotide) was performed using standard reaction conditions. This reaction buffer was 100 mM KCl, 70 mM HEPES-KOH, pH 7.5, 0.5 mM EDTA, 5 mM β-mercaptoethanol and 5% glycerol in a total volume of 20 µl and the concentration of the oligodeoxyribonucleotide varied from 0 to 40 nM. The reactions were incubated at 37_C for 2 min after adding the diluted MPG protein (230 pM final concentration) and stopped by addition of 20 µl 2 M piperidine. The stopped reaction mix was incubated at 37_C for 15 min and the oligodeoxyribonucleotide was precipitated following addition of 3 M sodium acetate (final concentration 0.3 M) and addition of cold ethanol. After washing with 80% ethanol and drying, the sample was resuspended in 10 µl formamide loading buffer and separated by electrophoresis on a 20% denaturing polyacrylamide (7 M urea) minigel to resolve reaction products. The equation for the Hanes plot is
where [oligo T ] is the total Hx oligodeoxyribonucleotide concentration, K m is the Michaelis-Menten constant, v is the initial reaction velocity and V max is the maximal reaction velocity at a specific enzyme concentration. The data were analyzed by linear regression methods using CricketGraph software (Cricket Software, Philadelphia, PA). A linear plot produces a slope of 1/V max and an x-intercept of -K m .
Electrophoretic mobility shift assay (EMSA) for the determination of dissociation constants for the interaction of MPG protein with a 39mer oligodeoxyribonucleotide by Scatchard analysis
The 39 bp oligodeoxyribonucleotide with either Hx, an abasic site or a reduced abasic site at the same position (40 fmol) was incubated with the MPG protein (0-84 fmol) in a total volume of 6 µl in a buffer containing 70 mM HEPES-KOH, pH 7.5, 0.5 mM EDTA, 5 mM β-mercaptoethanol and 5% glycerol. No KCl was added to the binding buffer, since higher salt concentrations catalyze the reaction of the MPG protein and removal of Hx from the DNA. The mixture was incubated at 0_C for 10 min, 3 µl agarose gel loading buffer (3× loading buffer, 10% glycerol, 0.5% xylene cyanol) was added and the mixture was loaded onto a 10% non-denaturing polyacrylamide gel (acrylamide:bisacrylamide 20:0.25) using TBE buffer (38) . The products were separated by electrophoresis at 100 V for 4-5 h at 4_C. Following electrophoresis, gels were dried, quantified using phosphorimager analysis and autoradiographed. Analysis of each point was performed in triplicate and the error bars in the figures indicate the standard deviation.
The data were analyzed using linear regression with CricketGraph software according to Scatchard (46) . The K dapp values, equal to the negative reciprocal of the slope of the line, were determined by linear regression using CricketGraph software.
On and off rates of the MPG protein
The MPG protein was incubated with the 39 bp Hx oligodeoxyribonucleotide for increasing lengths of time from 30 s to 20 min to determine the on rate for complex formation. Quick freezing on dry ice prevented further complex formation. The reaction mixtures were subsequently loaded onto a native gel and analyzed as described in the previous section. A complex was formed between the labeled 39 bp Hx oligodeoxyribonucleotide and the MPG protein. The unlabeled 39 bp Hx oligodeoxyribonucleotide was added to the labeled MPG protein complex and aliquots removed as a function of time. The reactions were stopped and analyzed as described for the on rate experiments.
Competition assay of DNA binding to the 39mer oligodeoxyribonucleotide
A complex between the 32 P-labeled, double-stranded, 39 bp Hx oligodeoxyribonucleotide (640 fmol) containing Hx and MPG protein (320 fmol) in 8 µl was formed as in the previous section at a protein concentration where ∼50% of the oligodeoxyribonucleotide was bound to the MPG protein. The complex was incubated in the presence of increasing amounts of different length oligodeoxyribonucleotides containing a single Hx base. After 5 min, the mixture was analyzed by electrophoresis on a native polyacrylamide gel, as described above, to determine the amount of 39mer complex remaining in the competition reaction. The data were plotted according to Dixon (47) to determine the dissociation constants of inhibition for each of the competing double-stranded oligodeoxyribonucleotides
[ 
Footprinting of MPG protein on an oligodeoxyribonucleotide containing inosine
A 100 ng portion of the 72mer oligodeoxyribonucleotide d(GGTT-CAGGGTCAGGCGGGCAATGGCTGCGAGAAAICAGCGG-CCTCGAGTGTGTCAGGGTGTGGCCTGCCGGG) was 32 Plabeled using T4 polynucleotide kinase and annealed to the complementary strand in 40 µl (100 mM NaCl, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA) in order to obtain target DNA. DNase I footprinting was performed in a buffer containing 20 mM Tris-HCl, pH 7.0, 15 mM NaCl, 5 mM MgCl 2 , 2 mM MnCl 2 , 0.5 mM spermine, target DNA (10 nM) and additional nonspecific unlabeled DNA (60 ng). The total reaction volume was 20 µl. In the standard assay, MPG protein was added to the reaction mixture at different concentrations ( Fig. 5 ) and incubated at room temperature for 5 min. Digestion was initiated by addition of DNase I (3 U/µl) and stopped after 2 min by adding EDTA (10 mM), sodium acetate (0.3 M) and carrier tRNA (5 µg).
Products of the reaction were subsequently precipitated with ethanol, dried, and resuspended in formamide/EDTA gel loading buffer. The cleavage products were loaded on a 14% (acrylamide: bisacrylamide 17:3) denaturing gel, analyzed by electrophoresis and visualized by autoradiography.
Oligodeoxyribonucleotide sequencing
Modified chemical sequencing reactions (41, 48) were used to generate G, C and T ladders of end-labeled DNA. For G reactions, 9 µl end-labeled DNA in TE buffer were incubated for 10 min at room temperature with 1 µl 1/100 dimethyl sulfate in water. The reaction was stopped by adding 2 µl 1.5 M sodium acetate, pH 7, 1 M β-mercaptoethanol. For C reactions, 9 µl labeled DNA were heated at 90_C for 2 min, cooled quickly to room temperature, mixed with 1 µl 1/100 dilution of hydrazine in water, incubated for 2 min at room temperature and the reaction stopped by adding 100 µl 0.3 M sodium acetate, pH 7.0, 10 mM EDTA. For T reactions, 9 µl labeled DNA were heated at 90_C for 2 min, cooled quickly to room temperature, mixed with 1 µl 30 mM KMnO 4 , incubated further for 7 min at room temperature and the reaction stopped by adding 1 µl allyl alcohol. An aliquot of 100 µl 1 M piperidine was added to all the modified oligodeoxyribonucleotides, incubated for 15 min at 90_C and precipitated using 2.5 vol ethanol (in the T reaction 100 mM sodium acetate was added for precipitation). The reaction products were resuspended in formamide/EDTA gel loading buffer.
RESULTS
Kinetics of excision of Hx from a 39 bp Hx oligodeoxyribonucleotide by recombinant human MPG protein
Recombinant human MPG protein was incubated at different substrate concentrations to determine the Michaelis constant and the k cat for the removal of Hx from the 39 bp oligodeoxyribonucleotide. Figure 1 shows the sequence of the Hx-containing strand of the 39 bp oligodeoxyribonucleotide used in this study. Figure 2 shows a Hanes plot of the kinetic data obtained for reaction velocity and substrate concentration. The values obtained are shown in Table 1 . The ratio k cat /K m is 1.4 × 10 5 /M/s, indicating that the specificity of the human MPG protein for Hx-containing oligodeoxyribonucleotides is of the same order as that of the human MPG protein for 7-meGua, but 100-fold less than for 3-meAde (Table 1) .
Specific binding of MPG protein to a 39 bp Hx oligodeoxyribonucleotide
Since MPG protein excises Hx from DNA, we examined the capacity of this enzyme to interact with its substrate using low salt conditions under which the protein did not remove the Hx from DNA. The oligodeoxyribonucleotide was incubated with increasing amounts of MPG protein and the complex was analyzed on native polyacrylamide gels. The results of the EMSA assay in Figure 3a show that the amount of free oligodeoxyribonucleotide decreases with increasing concentration of MPG protein. The binding isotherm (inset Fig. 3b ) is hyperbolic, indicative of a true equilibrium process. Figure 3b shows this data plotted according to Scatchard (46) , with a K dapp for this interaction of 8.6 nM at 0_C and a stoichiometry of 1.1 mol MPG protein/mol DNA (Table 1) . No gel shift was observed for the MPG protein interacting with the 39 bp control oligodeoxyribonucleotide with an Ade in place of Hx (data not shown). In addition to equilibrium binding, the on and off rates of MPG protein interacting with the 39 bp Hx-containing oligodeoxyribonucleotide were found to be <30 s as detected by the EMSA assay (data not shown). Therefore, the short time scales required for the association and dissociation do not allow us to obtain reliable values for these reaction constants using this method.
MPG protein interacts specifically with 39 bp oligodeoxyribonucleotides containing a unique abasic site or a reduced abasic site at a defined position
MPG protein generates abasic sites during its reaction. To examine the capacity of MPG protein to recognize abasic sites, we used the same EMSA-based assay as shown in Figure 3a . Increasing amounts of MPG protein were incubated with fixed amounts of a 39 bp oligodeoxyribonucleotide containing either a unique abasic site or a unique reduced abasic site. Scatchard plots (Fig. 4) of the phosphorimager data show that both the abasic site and the reduced abasic site are recognized with the same efficiency as the Hx oligodeoxyribonucleotide (Table 1) and that the stoichiometry is 0.9 mol MPG protein/mol oligodeoxyribonucleotide. A similar result is obtained for the reduced abasic site. Therefore, both abasic and reduced abasic sites have K dapp values of the same order of magnitude as MPG protein interacting with the Hx oligodeoxyribonucleotide.
Footprint of MPG protein on a double-stranded 72mer Hx oligodeoxyribonucleotide
To map the interactions of MPG protein on DNA, a DNase I footprint of MPG protein interacting with an oligodeoxyribonucleotide containing a unique Hx at a defined position was obtained. The footprinted region on the Hx-containing strand spans 11 bases, arranged asymmetrically around the Hx (Fig. 5a) . Moreover, the footprint observed is dependent on the concentration of MPG protein, demonstrative of an actual footprint on DNA. During footprinting MPG protein does not remove the Hx base, since no specific cleavage is observed at the position of the Hx. The lane labeled MPG/Fpg in Figure 5a shows that under normal activity assay conditions MPG protein removes the Hx from the 72 bp oligodeoxyribonucleotide, generating an abasic site. This abasic site is cleaved by the AP lyase activity of E.coli Fpg protein. On the strand complementary to the Hx-containing strand, the MPG protein footprint is 1 nt larger than on the Hx-containing strand (Fig. 5b) . The footprints on both strands of 
MPG protein interactions are 10-fold greater with Hx oligodeoxyribonucleotides longer than 20 bp
MPG protein binding to Hx-containing oligodeoxyribonucleotides of v15 bp is significantly reduced compared with that of even the 20 bp oligodeoxyribonucleotide. Therefore, it is more difficult to quantitate differences in binding of the different length oligodeoxyribonucleotides containing Hx by the same EMSA assays as described in Figures 2 and 3 . To determine the minimum length of oligodeoxyribonucleotide needed to bind MPG protein, an EMSA competition assay was used to compare the binding strength of oligodeoxyribonucleotides of different lengths. A complex of MPG protein with the labeled 39 bp Hx oligodeoxyribonucleotide was formed at a point where not all of that Hx oligodeoxyribonucleotide was complexed. Increasing amounts of unlabeled competitor duplex Hx oligodeoxyribonucleotides of different lengths were added to the DNA and the products were analyzed using EMSA. Figure 6a and b demonstrates that under the conditions of this assay it is possible to disrupt the complex of the labeled 39 bp Hx oligodeoxyribonucleotide and MPG protein at lower concentrations using unlabeled 39 bp Hx oligodeoxyribonucleotide than using unlabeled 13 bp Hx oligodeoxyribonucleotide. The data for these competition assays is presented as a Dixon plot for inhibition in Figure 6c for different length Hx oligodeoxyribonucleotides. The x-intercept is related to the ability of an oligodeoxyribonucleotide to inhibit 39 bp complex formation. x-intercept values closer to the origin indicate that a particular oligodeoxyribonucleotide was a more efficient competitor. The reciprocals of the dissociation constants for each competing oligodeoxyribonucleotide are also proportional to the slopes of the lines in Figure 6c . The K dapp I value for MPG protein binding to oligodeoxyribonucleotides >20 bp is 21 nM (Table 2) , while binding to Hx oligodeoxyribonucleotides of 15 and 13 bp have K dapp I values averaging 259 nM. K dapp I is actually the K dapp determined from inhibition measurements. The standard deviation in the K dapp values is 16 nM for oligodeoxyribonucleotides >20 bp and the average K dapp values for the 13 and 15 bp Hx oligodeoxyribonucleotides are significantly outside that range. Therefore, binding interactions are significantly less specific between MPG protein and the 13 and 15 bp Hx oligodeoxyribonucleotides than between MPG protein and Hx oligodeoxyribonucleotides >20 bp.
DISCUSSION
In this study, we determined the kinetic parameters for human MPG protein interacting with an Hx oligodeoxyribonucleotide. We have shown that the region of direct protein-DNA interaction is approximately one turn of helix and that MPG protein interacts not only with the modified base, but also with the reaction product, an abasic site. Moreover, although the MPG protein footprints about one turn of helix, Hx oligodeoxyribonucleotides longer than 15 bp are required to obtain the greatest protein-DNA interaction. Table 1 compares both kinetic parameters and binding constants for several MPG proteins. The k cat /K m value for removal Table 1 .
The values of K dapp and K m for a variety of substrates interacting with human MPG protein are clustered in the nanomolar range Table 2. ( Table 1 ), indicating that there is little difference in binding of human MPG protein to its substrates. In contrast, the values of k cat for human MPG protein vary over almost two orders of magnitude. Consequently, the major factor contributing to the specificity of human MPG protein for its substrates is product release.
DNA repair proteins with similar K dapp values in the nanomolar range include Fpg protein, Nth protein, Nfo protein, UvrA protein, E.coli DNA photolyase and Xenopus (6-4) DNA photolyase (38, 39, (49) (50) (51) (52) . This suggests that structure-specific DNA repair enzymes in general have dissociation constants in the nanomolar range. These enzymes are distinguished from sequence-specific enzymes such as restriction endonucleases (e.g. EcoRI), with dissociation constants in the picomolar range (53) . Previously, the similarity of DNA binding affinities for Nth protein, Fpg protein and DNA photolyase were reported. The low affinity of these structure-specific binding proteins for DNA was ascribed to the necessity to recognize a single damaged base (independent of sequence), catalyze the reaction and dissociate (38, 39, 49, 51) . In contrast, sequence-specific binding proteins, such as transcription factors or restriction endonucleases, need to recognize a sequence, require more specific contacts and consequently have a higher binding affinity than observed for structure-specific proteins. As a group, MPG proteins have K dapp values in the nanomolar range comparable with those observed, in agreement with such a perception of structure-specific binding to DNA. Calculated using equation 3 from data as plotted in Figure 6a To complement the binding affinity data, Nth protein, Fpg protein, mouse MPG protein, E.coli DNA photolyase and thymine-DNA glycosylase have small footprints on DNA (39, 40, 49, (54) (55) (56) . The small number of interactions between the protein and DNA in the case of these repair proteins may serve to limit recognition of a sequence-specific nature. Nonetheless, some sequence-dependent interactions have been observed for at least one DNA glycosylase (57) .
The minimal size Hx oligodeoxyribonucleotide for strong complex formation with MPG protein is between 16 and 20 bp in length. Below that length, the K dapp is increased 10-fold. Therefore, although the footprinting indicates a recognition site of <10 bases on each strand, other sequences are needed to increase the strength of the interaction. Above 20 bp, however, the value of K dapp for Hx oligodeoxyribonucleotides does not significantly decrease, indicating that the maximum affinity is obtained in oligodeoxyribonucleotides of that length. Despite the increase in the K dapp value, MPG protein will still specifically excise Hx from the 13 bp oligodeoxyribonucleotide. Kinetic parameters for MPG proteincatalyzed excision of Hx from the 13 and 15 bp Hx oligodeoxyribonulceotides, however, are reduced significantly (>10-fold) from that of the 39 bp oligodeoxyribonucleotide. This suggests that for protein-DNA interaction studies using other physical techniques, such as NMR and X-ray crystallography, an Hx oligodeoxyribonucleotide with a length of at least 20 bp is required to form stable MPG protein-DNA complexes.
In addition to the strong interaction of MPG protein with Hx oligodeoxyribonucleotides, the protein also binds strongly to oligodeoxyribonucleotides containing abasic sites. Such inhibition may actually serve as a signal for other proteins involved in BER. Interaction of AlkA protein with pyrrolidine-and tetrahydrofuran-containing oligodeoxyribonucleotides has been reported (32, 56, 58) . To the best of our knowledge, however, this is the first demonstration of a strong interaction with the actual product of a MPG protein reaction, suggesting that the excision reaction is product inhibited. Previously, mouse MPG protein was found not to interact with abasic sites, but other differences in Nucleic Acids Research, 1998, Vol. 26, No. 17 4041 substrate specificity between the mouse and human MPG proteins have also been noted (34) .
This work has analyzed how MPG protein recognizes its target in a background of unmodified DNA. The results form the basis for the examination of structural determinants of both DNA and proteins involved in binding of MPG protein to a damaged site in DNA.
